Geological and ecological features restrict dispersal and gene flow, leading to isolated populations. Dispersal barriers can be obvious physical structures in the landscape; however microgeographic differences can also lead to genetic isolation. Our study examined dispersal barriers at both macro-and micro-geographical scales in the black-capped chickadee, a resident North American songbird. Although birds have high dispersal potential, evidence suggests dispersal is restricted by barriers. The chickadee's range encompasses a number of physiological features which may impede movement and lead to divergence. Analyses of 913 individuals from 34 sampling sites across the entire range using 11 microsatellite loci revealed as many as 13 genetic clusters. Populations in the east were largely panmictic whereas populations in the western portion of the range showed significant genetic structure, which often coincided with large mountain ranges, such as the Cascade and Rocky Mountains, as well as areas of unsuitable habitat. Unlike populations in the central and southern Rockies, populations on either side of the northern Rockies were not genetically distinct. Furthermore, Northeast Oregon represents a forested island within the Great Basin; genetically isolated from all other populations. Substructuring at the microgeographical scale was also evident within the Fraser Plateau of central British Columbia, and in the southeast Rockies where no obvious physical barriers are present, suggesting additional factors may be impeding dispersal and gene flow. Dispersal barriers are therefore not restricted to large physical structures, although mountain ranges and large water bodies do play a large role in structuring populations in this study.
INTRODUCTION
Dispersal is the ecological process where individuals move from one population to another to reproduce. This process facilitates gene flow and is essential for the persistence of populations and species. However, ecological and geological features can affect the ability of individuals to move across landscapes and those that restrict dispersal are termed a 'barrier' . Barriers therefore play a key role in the genetic structuring of populations by influencing important evolutionary processes such as gene flow and adaptation.
Over the last decade, landscape genetics has contributed to our understanding of how contemporary landscapes influence the spatial distribution of genetic variation in a variety of organisms (Manel and Holderegger, 2013) . Topographical features (Smissen et al., 2013) , unsuitable habitat (Piertney et al., 1998) and anthropogenic disturbance to the landscape (Young et al., 1996) have all been identified as factors strongly influencing population genetic structure in previous studies. Examining the effects of landscape features and environmental variables on current genetic patterns will provide us with a better understanding of how species interact with their environment. Not only does landscape genetics allow us to assess the environmental contributors of population structuring, it also compliments phylogeographic studies allowing researchers to tease apart the effects of historical and contemporary processes on gene flow in complex landscapes.
During the Quaternary period, severe climatic oscillations played a major role in shaping current landscapes and a number of genetic studies have documented the effects of climatic fluctuations on species distributions since the Last Glacial Maximum, approximately 18-21 thousand years ago (Hewitt, 1996 (Hewitt, , 2004 Carstens and Knowles, 2007) . While these historical processes may have contributed to how species are distributed today, many physical structures influenced the dispersal routes of new colonisers, some of which still exist in contemporary landscapes and continue to restrict movement. For example, mountain ranges provide an elevational limit to dispersal and large bodies of water may be perceived as too risky or energetically costly to cross. Barriers can also be climate related (for example, large arid regions) or occur at microgeographic scales (for example, habitat fragmentation). So, although historical processes are important to consider when assessing the genetic integrity of populations, contemporary processes ultimately impact the spatial distribution of genetic variation seen today.
The black-capped chickadee (Poecile atricapillus) is a small, generalist songbird common throughout North America (Figure 1 ). They are an ideal model for understanding how landscape features influence dispersal and gene flow as their current distribution encompasses a wide and diverse geographic region. Although geographically widespread, they are year-round residents with localised distributions. Only juveniles engage in limited dispersal (approximately 1.1 km; Brennan and Morrison, 1991) creating the potential for restricted gene flow. Owing to their generalist nature, suitable habitat is not limited but they do exhibit preference for different types of woodland varying from deciduous and coniferous woodland to forested wetlands, favourable riparian communities, deciduous shrubs and even urban, suburban and disturbed areas (Smith, 1993) . As cavity nesters, they are however, dependent on trees or snags with advanced decay, particularly of those found in mature forest. They also show a varied diet, feeding on mixed berries, seeds and insects in winter months, switching to a completely insectivorous diet in the breeding season (Runde and Capen, 1987; Smith, 1993) . Thus, habitat quality is important for reproductive and foraging success of this species (Fort and Otter, 2004) . Although black-capped chickadee behaviour is extensively studied in North America, little is known about the roles barriers play in structuring populations. Previous research focused primarily on hybridisation between the black-capped chickadee and other chickadees, (for example, P. carolinensis (Davidson et al., 2013) ; P. hudsonicus and P. gambeli (Grava et al., 2012) ), vocalisations (Guillette et al., 2010) and winter survival (Cooper and Swanson, 1994) . Geographical variation in song, plumage and morphology (Smith, 1993; Roth and Pravosudov, 2009 ) in addition to differences in hippocampal gene expression profiles (Pravosudov et al., 2013) are suggestive of divergence among populations. Moreover, previous studies using high-resolution genetic data (Gill et al., 1993; Pravosudov et al., 2012; Hindley, 2013) have all identified genetically distinct populations of the black-capped chickadee over a large geographical range. Hindley's (2013) study showed the most comprehensive sampling design, but was limited by the use of a single maternally inherited locus (mitochondrial DNA control region). By creating a picture of the overall genetic structure of the black-capped chickadee across a wide range of environments, this current study can help provide additional insights into other ecological patterns found in this species. For example, do patterns in song and morphology reflect differences in genetic patterns and therefore different selective pressures?
The aims of this study are to investigate how contemporary landscapes have shaped the spatial patterns of genetic variation and population structuring of the black-capped chickadee and to identify potential barriers to dispersal providing additional insights into their ecological and evolutionary potential using microsatellite markers. Birds can be used as mobile indicators of habitat quality, so as a common, widely distributed songbird that responds relatively quickly to environmental change (for example, in insect outbreaks (Gray, 1989) ) the black-capped chickadee is an ideal model organism for investigating population structure and gene flow in contemporary landscapes at both large and small geographical scales.
In this study, we aim to answer the following questions:
1. Do mountain ranges and large bodies of water restrict gene flow across the black-capped chickadee's range? Mountain ranges have been found to restrict dispersal in a number of organisms (for example, the downy woodpecker Picoides pubescens (Pulgarín-R and ; the hairy woodpecker Picoides villosus (Graham and Burg, 2012) and the tundra vole Micotus oeconomus (Galbreath and Cook, 2004) (Gill et al., 1993; Hindley, 2013) . As such, we predict populations on Newfoundland will be genetically distinct from those on the mainland. 2. Are fine-scale genetic differences present within the black-capped chickadee populations? We predict finer scale differences in population structure will be found (in comparison with previous mtDNA and amplified fragment length polymorphism marker studies) using high-resolution microsatellite markers as the result of ecological differences across the species' range. Restricted gene flow can result from recent modifications to the landscape creating small-scale barriers (for example, change in habitat composition). Habitat loss and associated fragmentation can reduce connectivity and create small, isolated populations leading to increased genetic differentiation (Young et al., 1996) .
MATERIALS AND METHODS

Sampling and DNA extraction
Adult birds were captured using mist nets and call playback over six breeding seasons (2007) (2008) (2009) (2010) (2011) (2012) . Blood samples (o100 ml from the brachial vein) and/or feather samples were collected from across the species' range (Figure 1 and  Supplementary Table S1 ). Suspected family groups and juveniles were removed from the data. Sampling sites were confined to a 40 km radius where possible and a total of 913 individuals from 34 populations were sampled across North America. Each bird was banded with a numbered metal band to prevent resampling. All blood samples were stored in 95% ethanol and, on return to the laboratory, stored at À80 1C. Additionally, museum tissue samples (toe pads and skin) were obtained to supplement field sampling (see Acknowledgements). Museum samples were collected within the last 30 years with the oldest sample obtained in 1983. DNA was extracted from blood ethanol mix (10 ml), tissue (B1 mg) or feather samples using a modified Chelex protocol (Walsh et al., 1991) . Table 1 for abbreviations) projected in ArcGIS v.10 (ESRI). A full color version of this figure is available at the Heredity journal online.
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DNA amplification and microsatellite genotyping
A subset of individuals was initially screened with 54 passerine microsatellite loci. In total, 29 microsatellite loci yielded PCR products, of which 18 loci were monomorphic (Aar1 (Hannson et al., 2000) , Ase48, Ase56 (Richardson et al., 2000) , CE150, CE152, CE207, CETC215, CM014, CM026 (Poláková et al., 2007) , CtA105 (Tarvin, 2006) , Gf06 (Petren, 1998) , Hofi20, Hofi24, Hofi5 (Hawley, 2005) , Lox1 (Piertney et al., 1998) , NPAS2 (Steinmeyer et al., 2009) , Pca2 and VeCr02 (Stenzler et al., 2004) ) and 11 were polymorphic (Supplementary Table S2 ). DNA was amplified in 10 ml reactions containing MgCl 2 (Supplementary  Table S2 ), 0.2 mM dNTPs, 1 mM each primer pair (forward and reverse) and 0.5 U Taq DNA polymerase. All forward primers were synthesised with an M13 sequence on the 5 0 end to allow for incorporation of a fluorescently labelled M13 primer (0.05 mM; Burg et al., 2005) during DNA amplification. One percent formamide was added to reactions involving PAT MP 2-14. Among 11 markers, 6 could be multiplexed in three sets of two markers each (PAT MP 2-14/Titgata39, Escu6/Titgata02 and Ppi2/Cum28). For multiplex reactions involving loci Escu6 and Titgata02, PCR conditions for Titgata02 were used.
We used a two-step annealing protocol: 1 cycle of 94 1C for 2 min, 50 1C for 45 s and 72 1C for 1 min, followed by 7 cycles of 94 1C for 1 min, 50 1C for 30 s and 72 1C for 45 s, followed by 25 cycles of 94 1C for 30 s, 52 1C for 30 s and 72 1C for 45 s, followed by a final extension step of 72 1C for 5 min. For two loci (PAT MP 2-43 and Titgata02), the second step was increased from 25 to 31 cycles. Subsequently, products were denatured and run on a 6% polyacrylamide gel on a LI-COR 4300 DNA Analyser (LI-COR Inc., Lincoln, NE, USA) and manually scored using Saga Lite Electrophoresis Software (LI-COR Inc.). For each gel, three positive controls of known size were included to maintain consistent allele sizing, and all gels were scored by a second person to reduce the possibility of scoring error.
Genetic diversity
Standard statistical analyses were performed on all individuals unless otherwise indicated. MICRO-CHECKER v2.2.3 was used to detect any errors within the data such as input errors, allelic dropout, stutter or null alleles (van Oosterhout et al., 2004) . Allelic richness was calculated in FSTAT v2.9.2.3 (Goudet, 2001) after removing under sampled populations (np5). Tests for deviations from Hardy-Weinberg equilibrium (HWE) and linkage disequilibrium (LD) were performed in GENEPOP v4.0.10 (Raymond and Rousset, 1995) using default Markov chain parameters (100 batches, 1000 iterations and 1000 dememorisation steps). Levels of significance were adjusted for multiple statistical tests within populations using a modified False Discovery Rate (FDR) correction method (Benjamini and Yekutieli, 2001) . Finally, to determine the levels of population genetic diversity, both observed and expected heterozygosities were calculated in GenAlEx v6.5 (Peakall and Smouse, 2012) .
Genetic clustering analyses
Several Bayesian clustering methods are currently available to infer the spatial structure of genetic data (Latch et al., 2006) . Genetic structure was therefore assessed using three approaches (one non-spatial and two spatial): STRUC-TURE v2.3.4 (Pritchard et al., 2000) , BAPS v5.4 (Bayesian Analysis of Population Structure; Corander et al., 2008) and TESS v2.3 (Chen et al., 2007) .
As assignments are based on individual multilocus genotypes rather than population allele frequencies, we included samples from all 34 populations as small population sizes will not bias assignment results. All three programs use a Bayesian clustering approach, which assigns individuals to clusters by maximising HWE and minimising LD. They differ in their underlying model and assumptions (reviewed in Franc¸ois and Durand, 2010) and some include the type of algorithm used and how the true number of clusters (K) is determined. For example, STRUCTURE and TESS use a Markov chain Monte Carlo (McMC) simulation and complex hierarchical Bayesian modelling, whereas BAPS models genetic structure using a combination of analytical and stochastic methods, which is computationally more efficient, particularly for large data sets (Corander et al., 2008) . Ultimately, STRUCTURE uses a nonspatial prior distribution; relying purely on the genetic data, whereas BAPS and TESS explicitly incorporate spatial information (that is, geographic coordinates) from genotyped individuals to infer genetic clusters. All three programs work well when genetic differentiation among clusters is low (F ST p0.05; Latch et al., 2006) . STRUCTURE was run using the admixture model, correlated allele frequencies (Falush et al., 2003) and locations as priors (locpriors). Ten independent runs for each value of K (1-10) were conducted to determine the optimal K. Runs were performed using 50 000 burn in periods followed by 100 000 Markov chain Monte Carlo repetitions. The results from replicate runs were averaged using STRUCTURE HARVESTER v0.6.6 (Earl and vonHoldt, 2012) . Both delta K (DK; Evanno et al., 2005) , LnPr(X|K) and Bayes factor (Pritchard et al., 2000) were used to determine K. Following the initial run, subsets of the data (that is, individuals who formed a single cluster from the initial runs) were re-run to establish if further structure was present using the same parameters and five runs for each value of K. Individuals that showed mixed ancestry to two clusters (Qo60%) were re-run together with a subset of individuals from each of the two groups to confirm assignment.
BAPS was run with the option 'clustering of individuals' followed by 'clustering of groups of individuals' , both for K MAX ¼ 34. BAPS searches for all values of K up to the value given for K MAX and gives a final K for the maximum log (marginal likelihood). The 'spatial clustering of groups' option was then used on all individuals and their corresponding group geographic coordinates (weighted mid-point values for each population projected in DIVA GIS v7.5 (Hijmans et al., 2012) ). This option has been shown to increase the power to detect underlying population structure and allows the user to visually investigate population structure using Voronoi tessellations.
Using the number of clusters inferred from STRUCTURE, TESS was run using 100 000 sweeps and 50 000 burn-in sweeps for K MAX (2-13) to identify which K produced the highest likelihoods. The CAR (conditional autocorrelation) admixture model based on the Delaunay tessellation was used and a deviance information criterion (DIC), a measure of model fit, is computed for each run. We conducted 10 replicates for each value of K MAX with an interaction parameter (C; the degree to which the geographical information influences individual assignment) of 0.6 as described in Chen et al. (2007) . To determine the true number of clusters, we retained 20% of the lowest DIC to identify which K produced the highest likelihood (K MAX ) and lowest DIC. We also averaged DIC over all 10 runs for each value of K MAX as often the optimum cluster is the value that coincides with the plateau of the DIC curve.
Population structure
All populations with a small sample size (np5) were removed from population-level analyses (CoOR n ¼ 2; NC n ¼ 5 and LAB n ¼ 5) unless otherwise indicated. Pairwise F ST values were calculated in ARLEQUIN v3.5 (Excoffier and Lischer, 2010) to investigate the degree of genetic differentiation among the predefined populations (significance determined by 1023 permutations). As the theoretical maximum of 1 for F ST is only valid when there are two alleles, F' ST standardised by the maximum value it can obtain were also calculated in GenAlEx v6.5 (Peakall and Smouse, 2012) .
Since traditional F ST is often criticised by its dependency on withinpopulation diversity, sample sizes and its use with highly variable molecular markers such as microsatellites (Meirmans and Hedrick, 2011) , we also calculated an alternative diversity measure, D est (Jost, 2008) , using the software SMOGD v1.2.5 (Crawford, 2010) . The overall value of D est is calculated as the harmonic mean across loci for each pairwise population comparison and is suggested to be more accurate for identifying population structure. Measures from both D est and F ST were compared to determine the true level of genetic differentiation. We also assessed the level of concordance between the two estimates by plotting linearised D est values (D est /(1 ÀD est )) against linearised F ST values (F ST /(1 ÀF ST )) using a Mantel test in GenAlEx v6.5. Significance was determined using 9999 permutations. To further assess population structure, a hierarchical analysis of molecular variance was carried out in ARLEQUIN v3.5 on the various groupings produced from both STRUCTURE and BAPS.
Effects of barriers on population structure
Isolation by distance (IBD) was tested using a Mantel test in GenAlEx v6.5 using linearised F ST values. Significance was determined using 9999 permutations and geographic distances (km) were calculated using the GEOGRAPHIC DISTANCE MATRIX GENERATOR v1.2.3. (http://biodiversityinformatics.amnh.org/open_source/gdmg/). Straight line distances are not always accurate as barriers can affect dispersal routes and for that reason, we also tested shortest distance through suitable habitat. For example, distance through forest was calculated for populations located on or around the Great Plains (CO, SD, UT, MT, SAB1, SAB2, LETH, CAB, SK, MB, MI, IL and MO). BARRIER v2.2 uses a geometry approach to compute barriers on a Delaunay triangulation (Manni et al., 2004 ). Monmonier's algorithm identifies areas where genetic differences between pairs of populations are the largest. Using a genetic distance matrix (F ST ), BARRIER identifies the location and direction of barriers to provide a visual representation of how the landscape influences dispersal in comparison with IBD. We computed the first 10 genetic boundaries using an F ST distance matrix for all populations (excluding sites with p5 samples: CoOR, NC and LAB).
Finally, we used GIS landscape genetics toolbox (Vandergast et al., 2011) to visualise the distribution of genetic diversity across geographical space. The toolbox is run within the Geographical Information System software package ArcGIS v.9 (ESRI, Redlands, CA, USA) and utilises the population pairwise genetic distances (F ST ) to produce a genetic divergence raster surface (or heat map). This will help evaluate our hypothesised barriers to movement by plotting values on a map.
Landscape genetics
A landscape genetic approach was used to assess the influence of environmental factors on genetic differentiation in the black-capped chickadee. We used GESTE v2.0 (Foll and Gaggiotti, 2006) , a hierarchical Bayesian method, which estimates population-specific F ST values and links them to environmental variables using a generalised linear model. It evaluates likelihoods of models that include all the factors, their combinations and a constant (which excludes all variables). Posterior probabilities are used to identify the factor(s) that influence genetic structure. Using a reversible jump Markov chain Monte Carlo method and default parameters, we conducted 10 pilot runs with a burn-in of 50 000 iterations to obtain convergence and a chain length of 2.5 Â 10 5 , separated by a thinning interval of 20. A total of six factors were considered, including three environmental variables (annual average temperature, precipitation and elevation) and three related to distance (latitude, longitude and distance to unsuitable habitat). We tested a number of scenarios to determine the models with the highest probabilities. Certain factors were also tested under different environmental scenarios to more closely examine their influence on genetic structuring (as conducted in Wellenreuther et al., 2011) . Three environmental scenarios were assessed; spatial, climatic and geographic. In the spatial scenario, we tested latitude and longitude; for the climatic scenario, we tested annual average temperature and precipitation; and with the geographic scenario, we tested elevation and distance to unsuitable habitat. As only two factors are being assessed in these specific scenarios, we added a factor interaction as suggested by Foll and Gaggiotti (2006) , and kept all other parameters at their default setting.
RESULTS
Genetic diversity
In total, 913 individuals from 34 populations were successfully genotyped for 11 variable microsatellite loci with the overall number of alleles per locus ranging from 5 to 46 (Supplementary Table S2 ). Observed heterozygosity ranged from 0.52 (PG) to 0.73 (CoOR) across all loci and expected heterozygosity ranged from 0.39 (NC) to 0.73 (LAB and MI; Table 1 ). Allelic richness (which accounts for uneven sample size) ranged from 5.26 (AKA) to 8.00 (ON) ( Table 1) . Nineteen of the 34 populations contained private alleles (Table 1) : 16 populations contained 1 or 2 private alleles, whereas NSNB had the highest (10), PG had 5 and FtStJ had 4 private alleles. Evidence of null alleles and homozygote excess was found for locus Pman45. Exclusion of this locus did not change the results and so was included in the final analyses.
Disequilibrium and departures from HWE were detected following corrections for multiple comparisons. Significant LD was detected between Titgata02 and Cum28 and between Escu6 and Pman71 within ID (Pp0.001 and Pp0.001, respectively); between Escu6 and Titgata02 and Escu6 and Ppi2 within SAB1 (Pp0.001 and Pp0.001, respectively); between Titgata39 and Titgata02 within SK (Pp0.001) and between Titgata02 and Ppi2 within UT (Pp0.001). LD was not consistent across populations and genotypes showed no association suggesting that LD detected here could be a result of a type 1 error. Significant deviations from HWE were evident for 14 population/loci comparisons: FtStJ at locus PAT MP 2-43; AKA, MI, FtStJ, SOR, NSNB and WV at locus Pman45; SAB2 and MB at locus Ppi2 and PG deviated at PAT MP 2-14, Titgata39, Titgata02, Escu6 and PAT MP 2-43. We checked the data for populations that deviated from HWE at two or more loci for the presence of family groups, which could explain deviations from Hardy-Weinberg expectations. Although a number of individuals were caught at the same location on the same day in PG and NSNB, no evidence of family groups was found. Figure S1 ). The initial run of all of the samples resulted in K ¼ 3, using mean log likelihood (Pr (X|K) ¼ À34 930) and DK, and consisted of: the three Alaskan populations (AKA, AKF and AKW), the Fraser Plateau populations (PG and FtStJ) and all other populations ('main'; Figure 2a ). The two latter clusters showed evidence of further structure. The Fraser Plateau group was subdivided into two groups, PG and FtStJ (Pr (X|K) ¼ À3034; Figure 2b ). The 'main' cluster produced three clusters: western, central and eastern (Pr (X|K) ¼ À28 689; Figure 2c) . Nine of the populations showed evidence of mixed ancestry (NWBC, BCR, LETH, MB, CID, MT, IL, LAB and NC). Each of these populations was run with individuals from the two clusters to which they had high Q values. NWBC, BCR, LETH and MB clustered with the western cluster, MT with the central cluster and the remaining three populations with the eastern cluster (results not shown). These nine populations were then grouped accordingly for additional analyses. Further runs were performed on the western, central and eastern clusters using a hierarchical approach. Subsequent runs of the western group (Figures 2d-g The two spatial methods were unable to identify finer differences detected in STRUCTURE despite incorporating individual spatial information. BAPS estimated 5 distinct clusters (Figure 3 ) in comparison with STRUCTURE's 13. Concordant with groups identified by STRUCTURE, BAPS identified both AK and the Fraser Plateau as being two genetically distinct units in addition to the southern Rockies populations (CO and NM) and Oregon (CoOR and SOR); while the remaining populations formed the fifth cluster. For TESS analyses, the mean DIC plot did not plateau (Supplementary Figure S2) . The mean DIC for K MAX of 12 disrupted the curve indicating that the program may have failed to converge. Nevertheless, after comparing runs for various assumed K (2-13), K MAX was estimated from the highest likelihood and lowest DIC run to be 13 (average log likelihood: À33 818; DIC: 68 793.3). The effective number of clusters with this parameter was four (Supplementary Figure S3) , detecting the same three groupings as the initial run of STRUCTURE (Figure 2a ) and an additional cluster representing Newfoundland, which was not detected by BAPS.
Bayesian clustering analyses
STRUCTURE estimated 13 clusters (Figures 2 and 3 and Supplementary
Population structure
Pairwise F ST values ranged from À0.014 to 0.148 (Supplementary Table S3 ) and 318 of the 465 values were significant after corrections for multiple tests. Of the 87 nonsignificant pairwise F ST values, 27 were between adjacent sampling sites. Population wide F' ST was 0.231 (Supplementary Table S4 ). Significant population structure was detected by D est , which ranged from 0.030 to 0.316 (Supplementary  Table S3 ). Pairwise D est and F ST values shared a significant, positive correlation (r ¼ 0.496; Pp0.001).
Using a hierarchical analysis of molecular variance, the highest among group variance (5.75%) was produced using three groups (AK, Fraser Plateau and all remaining populations). Among group variance decreased once the 'remaining populations' were split into western, central and eastern groups, but as these regions were split further into their respective groups identified in the hierarchical STRUCTURE runs, among group variance steadily increased. Once NEOR was split from the Intermountain West group, the amount of variance increased to 4.06% and a final run of all 13 groups from STRUC-TURE resulted in 4.12%. Meanwhile, when populations were analysed according to BAPS (K ¼ 5) and TESS (K ¼ 4) groupings, among group variance was 5.25% and 5.08%, respectively.
Effects of barriers on population structure
The test for IBD among all black-capped chickadee populations using straight line distances was not significant (r 2 ¼ 0.010; P ¼ 0.16). However, we did find significant IBD within some clusters identified by STRUCTURE. IBD was significant for the eastern mainland group when NL was included (r 2 ¼ 0.358; P ¼ 0.01), but not when NL was removed (r 2 ¼ 0.003; P ¼ 0.24). For other populations separated by large geographical barriers (that is, unsuitable habitat), we found a significant effect of IBD using the shortest distance through suitable habitat. For example, when testing populations located around the Great Plains, using the shortest distance through forested habitat resulted in a significant IBD pattern (r 2 ¼ 0.137; P ¼ 0.01).
BARRIER identified nine discontinuities. Boundaries detected to the ninth order were considered the most strongly supported for the level of population structure observed in the data, and were overlaid onto a map for visual interpretation (Figure 3 ). Boundaries detected after the ninth order did not conform to differences observed in previous analyses (for example, pairwise F ST and D est ) and so were removed. Overall, populations where barriers exist were significantly different from all other populations (Pp0.008). Eight of the linear barriers identified were concordant with STRUCTURE results where populations on either side of the barrier belong to different clusters. The ninth barrier that encircles PG and FtStJ was confirmed by STRUCTURE, BAPS and TESS, however, BARRIER failed to identify a genetic discontinuity between these two populations as found in STRUCTURE. The heat map produced from the GIS toolbox species divergence analysis supports the presence of multiple barriers particularly in the western portion of the range (Figure 4) . It shows isolation of Alaska, Pacific, Fraser Plateau and NEOR groups and moderate isolation of Newfoundland. CO and NM are isolated from UT to the west and MO in the east. F ST values to MT are modest to low across prairies and 'around' the Great Plains.
Landscape genetics
Landscape genetics analyses in GESTE revealed a number of environmental variables influencing genetic structure in the black-capped chickadee. When all factors were run together, GESTE struggled to find the model with the highest probability (results not shown). For all single factor runs, the model including the constant produced the highest posterior probability (Table 2a) . However, some single factor runs produced higher probability models than the environmental scenarios with two factors. For example, the highest constant/factor model involved distance to unsuitable habitat (0.481) followed closely by annual mean temperature (0.479). Interestingly, the influence of longitude (east-west) was slightly higher than latitude (north-south) on the genetic differentiation (0.472 and 0.469, respectively).
Of all three environmental scenarios (Table 2b) , the model with the highest posterior probability was the spatial scenario, which included latitude, longitude and their interaction term (0.678), suggesting geographic location is an important determinant in the genetic structuring of populations. In the climatic and geographic scenarios, no factors were strongly correlated with pairwise F ST values as the models including only the constant outperformed the rest (climate: 0.216; geographic: 0.214). Despite this, the model with the second highest posterior probability in the climate scenario included precipitation (0.204); this factor also displayed the highest sum of probabilities (0.388). In the geographic scenario, the model with the second highest posterior probability included elevation, distance to unsuitable habitat and their interaction term (0.212) and elevation had the highest sum of probabilities (0.384).
DISCUSSION
Microsatellite analyses revealed significant population structuring across the black-capped chickadee's range. Using clustering programs as many as 13 groups were found supporting the idea of restricted gene flow. The main groups found in this study are: Alaska, Fraser Plateau (which split into FtStJ and PG), eastern Rockies, eastern mainland, Newfoundland, Canadian Pacific-Prairies, Pacific, NW Rockies, southern Rockies (which split into CO and NM), Intermountain West and finally NEOR. The level of genetic structure is much greater in the west, and may reflect the complex landscape of western North America.
Bayesian analyses comparisons
All Bayesian analyses (STRUCTURE, BAPS and TESS) estimated similar genetic clusters. BAPS failed to separate Newfoundland, or identify substructure in western North America including the differences within the Fraser Plateau and southern Rockies. Although BAPS is computationally more efficient and incorporates the spatial distribution of populations, it struggled to identify key signatures of fine-scale genetic structure. Comparatively, most studies have reported the overestimation of genetic clusters using BAPS (Aspi et al., 2006; Latch et al., 2006) or congruence with STRUCTURE (Canestrelli et al., 2008) rather than the underestimation as found in this study.
Although TESS and STRUCTURE often detect a similar number of genetic clusters (Francois and Durand, 2010) , in this study TESS failed to identify the key signatures of genetic differentiation in blackcapped chickadees. It did detect the same three genetic clusters (AK, Fraser Plateau and main) as the initial STRUCTURE run when all individuals were included, as well as a fourth cluster involving Newfoundland. This information suggests that when using Bayesian clustering methods to evaluate the spatial genetic structure of organisms, a comparison is essential to detect different levels of population structure and to continue beyond one single run as additional structure can be hidden by noisy data.
Macrogeographic dispersal barriers
A number of prominent landscape features correspond with genetic clusters of black-capped chickadees across North America, including both mountain ranges, particularly in the west, unsuitable habitat in the centre and large water bodies in the east.
In Alaska, a series of three tall mountain ranges (Chugach, Wrangell and Alaska), effectively isolate the three Alaskan blackcapped chickadee populations from the rest of their range. Our data support the genetic isolation of the Alaskan populations and confirms previous findings by Pravosudov et al. (2012) and Hindley (2013) . Black-capped chickadees in Alaska have larger hippocampus volumes with a subsequent increase in spatial memory and learning capabilities reflecting selective pressures to retrieve cached food items in severe winter climates (Roth and Pravosudov, 2009; Roth et al., 2012) . These differences combined with morphological differences support restricted gene flow between Alaska and adjacent populations. Mountains also restrict dispersal in other parts of the chickadee's range. For example, the Pacific group (WA, CoOR and SOR) and Intermountain West (NEOR, CID and ID), separated by the Cascade Mountains, are genetically distinct (Figures 3 and 4) . This pattern is repeated for a number of other populations on either side of the Rocky and Blue Mountains.
Contrary to our earlier prediction, not all mountains are effective dispersal barriers. Populations separated by the northern Rocky Mountains (with the exception of NWBC and BCR) show no evidence of significant population differentiation in either STRUC-TURE or F ST and D est comparisons (Figures 2 and 3 , Supplementary  Table S3 ). In contrast, populations on either side of the central and southern Rockies are genetically distinct from each other. This was unexpected as the highest tree line elevation; a factor likely to facilitate effective dispersal of forest birds through mountainous valleys and across ranges, actually occurs in the southern Rockies. So although tree line elevation is higher in the American Rockies (3000 m in the eastern Rockies (WY) to 3500 m in the southern Rockies (CO)) than the Canadian Rockies (2400 m) (Körner, 1998) , it is possible that lower elevation, treed mountain valleys in the northern Rockies (the lowest elevation being approximately 950 m in comparison with 1500 m in the south) may facilitate dispersal between populations. Overall, mountain topography (particularly elevation) is an effective dispersal barrier to black-capped chickadees and limiting gene flow in the south and has impacted dispersal in a number of organisms such Posterior probabilities of models for runs, which included (a) one individual factor and (b) factors under three different environmental scenarios are provided. For each environmental scenario, we provide the sum of posterior probabilities of models including a given factor (i) and the posterior probability of the five models considered for each scenario (ii). Bold values indicate the factor with highest score.
as thin horn sheep (Ovis dalli; Worley et al., 2004) . However, mountain ranges are highly heterogeneous environments and low elevation valleys can also increase population connectivity (Pérez-Espona et al., 2008; Hagerty et al., 2010) .
Differentiation within the central and southern Rockies cannot solely be explained by contemporary barriers. Historical processes may have also contributed to the genetic structuring in these regions as similar phylogeographic and genetic patterns in north western North America are found in a number of organisms (Avise, 2000) . Specifically, the genetic patterns found in our study are concordant with other plant and animal species (Li and Adams, 1989; Nielson et al., 2001; Hindley, 2013) . Several hypotheses (such as, biotic distributions, ancient vicariance, dispersal and refugia) have been proposed to explain the genetic concordance observed among diverse taxa (Brunsfeld et al., 2001; Carstens et al., 2005) .
Mountain ranges in western North America have undergone a complex history of geological and environmental fluctuations combined with successive glacial-interglacial cycles, which have subsequently influenced ecosystems within and around them. The genetic divergence of coastal (WA, CoOR and SOR) and interior (ID and CID) populations of black-capped chickadees, for both mtDNA and nuclear DNA, may have been influenced by features formed by 'ancient vicariance' events such as the uplift of the Cascades combined with the Columbia basin rain shadow; limiting dispersal between these groups (Brunsfeld et al., 2001) . The 'multiple refugia' hypothesis also helps explain the level of genetic differentiation within the Rocky Mountains (Brunsfeld et al., 2001; Shafer et al., 2010) . The Bitterroot crest (located along the north-central Idaho/Montana border) restricts forest connectivity between the eastern and western slopes, and major river canyons have fragmented forest communities throughout the range. In our study, populations in the central/southern Rockies are isolated from each other (for example, CID and ID are differentiated from MT and UT) and from northern populations such as SAB and BCR. This east-west and north-south split is consistent with other studies (Good and Sullivan, 2001 ) and supports the idea of multiple valley refugia during the Pleistocene.
Black-capped chickadees on Newfoundland are genetically distinct from all continental populations suggesting that large water bodies restrict dispersal. Pairwise F ST and D est values involving NL were all significant (with the exception of MB (n ¼ 11)) and relatively high (F ST and D est ¼ 0.013 and 0.039 (MB) to 0.108 and 0.221 (PG), respectively, Supplementary Table S3 ). The Strait of Belle Isle and Cabot Strait have separated Newfoundland from the mainland for approximately 12 000 years (Pielou, 1991) . Distances to the mainland are relatively short (18 km to Labrador and 110 km to Nova Scotia); however, oceanic conditions are often harsh. MtDNA data support the presence of genetically distinct groups and show no evidence of maternal gene flow between Newfoundland and continental populations (Gill et al., 1993; Hindley 2013) . Large expanses of water are effective barriers to dispersal in a number of other species. Genetically distinct Newfoundland populations have been found in mammals (pine martin Martes americana (McGowan et al., 1999) ); plants (red pine Pinus resinosa (Boys et al., 2005) ) and other chickadees (boreal chickadee Poecile hudsonicus (Lait and Burg, 2013) ) suggesting that long-term isolation of Newfoundland, while not common, is not restricted to black-capped chickadees.
Geographical distance does influence population structuring when distances are measured through suitable habitat. The presence of other dispersal barriers, such as mountains, limits the ability to detect IBD at the rangewide scale using simple straight line distance (McRae, 2006) . In the central portion of the black-capped chickadee range lies the Great Plains; a broad expanse of flat land, covered in prairie, steppe and grassland. As a forest-dependent songbird, habitat in this region is unsuitable for dispersal due to lack of trees, necessary for movement. In order for chickadees to move from one side of the Great Plains to the other, they would be required to travel around (through suitable habitat), rather than straight across the unforested landscape. When pairs of populations associated with this region were tested, the effect of geographic distance is clear. Pairwise F ST and D est values are high, and significant, for populations on either side of the Great Plains (Figure 4, Supplementary Table S3 ). Black-capped chickadee dispersal is therefore limited by geographic distances that are influenced by suitable habitat, which explains why populations to the east of the Great Plains are genetically dissimilar from those to the west.
Population differentiation within continuous habitat
We found additional population structure that cannot be explained by mountain or water barriers. In the southern Rockies, substructuring between CO and NM may reflect large areas of unsuitable habitat in the form of open desert and grassland. A similar pattern was found for the American puma (Puma concolor) across the southwestern US (McRae et al., 2005) . Similarly, the unexpected genetic discontinuity of SD and SK, from MB and MO (Figure 3 ) identified by BARRIER corresponds to the large areas of prairie grasslands (that is, the Great Plains). Although black-capped chickadees are present in the forests surrounding the grasslands, the large geographical distance required to travel in order to circumscribe the unforested area may be impeding movement. Sacks et al. (2004) found that gaps in habitat corresponded to genetically distinct populations in coyotes (Canus latrans). Chestnut-backed chickadees show a similar pattern whereby discontinuities in suitable habitat result in genetically isolated populations (Burg et al., 2005) . Animals perceive the landscape at different spatial scales and what appears to be a relatively small break in continuous habitat (for example, 18 km from Newfoundland to Labrador or o10 km between suitable coyote habitat) is perceived by the individual as a large enough risk that dispersal is restricted (Holderegger and Wagner, 2008) .
Another population isolated by unsuitable habitat, and mountains, is NEOR which is a genetically isolated island. Within northeastern Oregon, the Blue Mountains stretch from southeastern Washington towards the Snake River along the Oregon-Idaho border and are associated with the Columbia River Plateau, a flood basalt range located between the Cascade and Rocky mountain ranges. Although mountain ranges may be involved in genetic differentiation, it is possible that the high elevation plateau represents a forested island within the Great Basin; a distinctive natural desert region of western North America bordered by the Sierra Nevada on the west, the Wasatch Mountains (UT) on the east, the Columbia Plateau to the north and the Mojave Desert (CA) to the south. With its rugged north-south mountain ranges and deep intervening valleys, combined with the absence of forested communities in lower elevations, the Great Basin isolates NEOR from nearby populations in Oregon, Idaho and all other populations.
The genetic isolation and differentiation of two central British Columbia populations in the Fraser Plateau was unexpected. The closest sampling site to these two populations is B188 km away (NBC) and habitat within the region is continuous. In addition, the further genetic differentiation of PG and FtStJ within the Fraser Plateau, supported by a number of analyses, was surprising given the small geographical distance between these populations (straight line distance B120 km). It is possible that a recent change to the habitat composition because of forestry practices both between and encircling these two populations could be impeding movement. Logging in this area and the relative size and abundance of cut blocks may be restricting dispersal and gene flow. Approximately 1-18% of the total cut block area is retained, however, a recent biodiversity assessment in British Columbia stated that it would take over 140 years to recruit appropriate habitat and over 200 years to recruit specific old growth stand structure elements such as large trees and snags (Ministry of Forests, Land and Natural Resource Operations, 2012); the latter being suitable breeding habitat for the black-capped chickadee. Alternatively, the outbreak of the mountain pine beetle (Dendroctonus ponderosae) in British Columbia since the 1950s has led to a huge infestation and devastation of black-capped chickadee habitat (Axelson et al., 2009) . At least 17 million hectares of mature and old lodgepole pine (Pinus contorta) stands have been infested (Proulx and Kariz, 2005; Petersen and Stuart, 2014) resulting in huge clearcut operations to recover the infested timber. Although, black-capped chickadees are niche generalists, they are forest dependent and so this infestation combined with the removal of infected trees has an indirect effect on breeding and dispersal.
A large number of private alleles present in both PG and FtStJ suggest that additional factors may also explain structuring in this region (such as hybridisation with other chickadees) but a more advanced landscape genetics approach at a smaller geographical scale is necessary to determine the cause of population structuring in this region.
Landscape genetics analyses GESTE confirms the influence of latitude and longitude and their interaction on population structuring providing additional support to previous analyses. Although all other factors showed no significant influence on genetic differentiation among black-capped chickadee populations, we cannot rule them out as many exhibited similar posterior probabilities. Populations in this study experience a wide range of different climates (Peel et al., 2007) . For example, populations located at high elevation and high latitudes experience harsher polar climates in comparison with coastal populations within temperate climates (with increased precipitation) and those in the south, which experience dry arid climates. Climatic differences result in changes to vegetation, including trees. The complex biogeography may allow black-capped chickadees to adapt to their local environment. In addition, populations located close to unsuitable habitat or barriers have fewer dispersal opportunities (Burg et al., 2005) . In this study, many groups (for example, the Alaska and Pacific groups) are highly isolated suggesting that interplay between gene flow and local adaption could explain genetic structure among populations but this is beyond the scope of this study. Further research into adaptive traits and/or loci within this species will allow for a more meaningful interpretation.
Nuclear versus mitochondrial DNA patterns Using mtDNA restriction fragment length polymorphism data, Gill et al. (1993) first explored population differentiation in the blackcapped chickadee. Two groups were found with individuals from Newfoundland being genetically distinct from all continental populations (results not shown). More recently, Hindley (2013) identified five groups with mtDNA sequence data; Newfoundland as well as additional structuring of the continental group (Pacific, Alaska, SE Rockies and main Northeast group; Supplementary Figure S4) . A number of these groupings using mtDNA are identical to those in our study, although our microsatellite data identified finer scale differences. Pravosudov et al. (2012) identified four groupings with nuclear amplified fragment length polymorphism data collected from only 10 populations, some of which were used in this study (AK, BC, WA, MT and CO; Supplementary Figure S4 ). Alaska and Washington were both distinct from other populations; BC and MT formed a cluster and there was also an eastern group. Differences such as BC (PG) clustering with MT, and CO with the eastern populations (MN, KS, IA and ME) in their study are not unexpected. Our groupings match some of those identified using the alternative nuclear marker. Although amplified fragment length polymorphism datas show similar levels of differentiation, microsatellites often show higher levels of within-population diversity because of their codominant, multiallelic nature (Marriette et al., 2001) , which may have contributed to the higher levels of genetic structure found in our study. In addition, our study included an additional 24 populations. Overall, two identical groups were identified by all recent data sets: Alaska and Pacific. Our microsatellite data also support the presence of a genetically distinct group on Newfoundland as identified by both Hindley (2013) and Gill et al. (1993) suggesting that Newfoundland may have served as a refugium during the Last Glacial Maximum as previously claimed.
CONCLUSIONS
Higher levels of genetic differentiation were found in black-capped chickadee populations across North America using microsatellite markers in comparison with previous studies (for example, mtDNA, amplified fragment length polymorphisms and restriction fragment length polymorphisms), illustrating the sensitivity of microsatellites to detect fine-scale genetic structure. Population differentiation was more prominent in the western portion of the black-capped chickadee range and coincided with a number of landscape features such as mountain ranges and habitat discontinuities. Continued isolation may influence evolutionary processes (gene flow and adaptation) in future generations, particularly in a constantly changing environment. This pattern may also be reflected in other resident organisms. Further study is necessary to detect the locations of genetic breaks among subgroups at the microgeographical scale, particularly within the Fraser Plateau, to help identify the corresponding landscape structures or features restricting dispersal and gene flow among these neighbouring populations.
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